Notwithstanding the implementation of good processing practices in food companies and appropriate washing of food products by the consumer, Salmonella and Escherichia coli outbreaks continue to occur. In this study, different combinations of bacteriophages (phages) and cinnamaldehyde (CNMA) were incorporated on sodium alginate emulsion-based films to impart them with antimicrobial activity towards S. Enteritidis and E. coli. Films were prepared by casting and they were characterized in terms of CNMA and/or phages loading, thickness, moisture content, water vapor permeability (WVP), swelling index (SW), chemical interactions by FTIR, surface morphology by SEM and antimicrobial performance. Results showed that phages incorporation was not compromised by CNMA as evidenced by their viability inside the films. Increasing CNMA concentration yielded formulations less heterogeneous and a higher amount of CNMA loaded. Films characterization revealed that, in general, phages incorporation did not introduce significant changes on films parameters while the presence of CNMA increased the roughness, thickness and swelling ability of films. Sodium alginate films incorporated with EC4 and φ135 phages displayed antimicrobial activity against E. coli and S. Enteritidis, respectively, while CNMA empowered the films with activity against both species. Combination of both phages with the higher concentration of CNMA resulted in a synergic antimicrobial effect against E. coli and a facilitative effect against Salmonella. Overall, incorporation of EC4 and φ135 phages together with CNMA on alginate emulsion-based films holds great potential to be further applied in food packaging to prevent food contamination.
Introduction
Foodborne illness acquired from the consumption of contaminated food remains a serious threat, with a great impact on human health and economics. According to the World Health Organization (WHO, 2015) , every year, about 600 million cases of foodborne illnesses and 420 000 associated deaths occur worldwide (Hoelzer, Switt, Wiedmann, & Boor, 2018) . Among the microorganisms most frequently associated with foodborne outbreaks, Salmonella enterica and Escherichia coli play an important role (de Oliveira Elias, Noronha, & Tondo, 2019) . Salmonellosis, the illness caused by Salmonella, include symptoms such as diarrhea, fever and abdominal pain (CDC, 2018) . Contamination of food products by E. coli may take place at different stages along the food chain, from production, processing, distribution until their final preparation by consumers (Sillankorva, Oliveira, & Azeredo, 2012) . The ability of these pathogens to grow on food matrices often leads to the establishment of microbial communities embedded on a self-produced extracellular matrix, known as biofilms, which confers them protection to antimicrobial agents (Galié, García-Gutiérrez, Miguélez, Villar, & Lombó, 2018) . Furthermore, the inappropriate use of antibiotics in both humans and animals (livestock industry) has led to an acceleration of microbial resistance (Jorge et al., 2019) .
The best approach to deal with these challenges is to reduce the initial microbiological load and/or to prevent the growth of the remaining microorganisms on food products, by the use of an active packaging (Yildirim et al., 2018) . Antimicrobial active packaging has been the focus of great interest due to the recent developments in materials science and engineering, the diversity in the methods of application and the variety of food products that can be protected (Khaneghah, Hashemi, & Limbo, 2018) .
Phages and essential oils have been charting their path to food safety in the last years, comprising, therefore, two promising agents to https://doi.org/10.1016/j.foodres.2019.108791 Received 31 July 2019; Received in revised form 29 October 2019; Accepted 30 October 2019 be incorporated into active packaging materials (Bhavaniramya, Vishnupriya, Al-Aboody, Vijayakumar, & Baskaran, 2019; Sillankorva et al., 2012) . Phages, the natural predators of bacteria, are, like all other viruses, obligate intracellular parasites, which means their replication requires the host's machinery. Lytic phages, the most suitable for food applications, interact with the host's cell surface molecular receptor, causing the cell wall to be penetrable for the incorporation of the nucleic acid, whereas the capsid remains outside the cell. Inside the host, phages are reproduced very quickly, forming new virus particles, and eventually cause lysis of the bacteria (Lin, Koskella, & Lin, 2017) . The increasing interest in phages for food application has resulted in the commercialization of phage-based products that have received regulatory approval from the Food and Drug Administration (FDA), such as EcoShield TM and SalmoFresh TM (Moye, Woolston, & Sulakvelidze, 2018) . Most of encapsulation strategies reported for phages were driven by the need to protect them from the adverse conditions found in the digestive tract, such as the low pH and the activity of enzymes. In this context, phages have been encapsulated mostly in alginate-based microspheres (Abdelsattar, Abdelrahman, Dawoud, Connerton, & El-Shibiny, 2019; Colom et al., 2017; Moghtader, Eğri, & Piskin, 2017) and liposomes (Otero et al., 2019) . More recently, studies have reported phages encapsulation to be further applied in food products. For instance, the incorporation of phages targeting E. coli strains into matrices such as whey protein isolate (WPI) coatings/films (Huang & Nitin, 2019; Tomat et al., 2019; Vonasek, Choi, Sanchez, & Nitin, 2018) or chitosan (Amarillas et al., 2018) has proved to reduce the loss of phage activity during storage and to be a highly effective to prevent bacterial contamination of vegetable surfaces, meat, fish feed and tomatoes. A cocktail of phages targeting Salmonella has also been microencapsulated in WPI coatings and exhibited a high efficiency against Salmonella serovars, but it was less efficient when applied on fresh foods (Petsong, Benjakul, & Vongkamjan, 2019) . Phages incorporation on alginate films has also proved to prevent meat spoilage caused by Pseudomonas fluorescens (Alves et al., 2018) .
Essential oils are volatile compounds naturally produced as secondary metabolites by plants with several biological properties such as antimicrobial activity. These compounds are considered Generally Recognized as Safe (GRAS) by the FDA to be added as food additives and they have been registered by the European Commission for use as flavouring in food context (Bhavaniramya et al., 2019) . There are, however, some limitations associated to their use such as their volatility, low solubility in water and susceptibility for oxidation (Ribeiro-Santos, Andrade, & Sanches-Silva, 2017) . Furthermore, although the efficacy of essential oils has been demonstrated in vitro, higher concentrations are needed to achieve the same antimicrobial activity in food systems. Finally, the strong aroma of these compounds, may present a disadvantage for their use due to the negative organoleptic effects, overcoming the threshold acceptable to consumers (Hyldgaard, Mygind, & Meyer, 2012) . The best approach to circumvent these challenges also relies on their encapsulation, with the additional advantages of improving their biological activity and protecting them from interacting with food matrices (Bakry et al., 2016) . Examples of essential oils and plant extracts added to different packaging materials include cinnamon oil (Simionato, Domingues, Nerín, & Silva, 2019) , oregano essential oil (Hashemi & Mousavi Khaneghah, 2017) , Rosmarinus officinalis essential oils (Hadian, Rajaei, Mohsenifar, & Tabatabaei, 2017) and Rosemary and Aloe Vera oil (El Fawal, Omer, & Tamer, 2019) . Another option to decrease the concentration of essential oils, without jeopardizing their antimicrobial activity, can be achieved by their combination with other antimicrobial compounds to provide a synergistic effect. For instance, essential oils have been combined with silver nanoparticles (Cinteza et al., 2018; Scandorieiro et al., 2016) and the bacteriocin Nisin A and lactic acid, (Akhter, Masoodi, Wani, & Rather, 2019) . Only a few studies have reported the interactions between essential oils and phages when directly applied without previous encapsulation. For instance, the effect of a phage cocktail, alone and in combination with the essential oil trans-cinnamaldehyde on the viability of entero-hemorrhagic E. coli strains was investigated in a food model of baby romaine lettuce and baby spinach leaves. Results provided evidence that combination of these agents caused a faster antimicrobial effect than when each one was applied independently (Viazis, Akhtar, Feirtag, & Diez-Gonzalez, 2011) . In another study, the application of the essential oil alpha-pinene and phage K caused a higher reduction of S. aureus as compared to single applications (Ghosh, Ricke, Almeida, & Gibson, 2016) . To the best of our knowledge, the encapsulation of phages and essential oils for the development of an edible film/coating has not been reported so far.
The main goal of this work was to incorporate a cocktail of phages and CNMA, the major component of cinnamon leaf oil, on sodium-alginate emulsion-based films to fight food contamination by E. coli and S. Enteritidis.
Materials and methods

Materials
Alginate CR8223 (FMC BioPolymer) with M/G ratio of 65/35 and a molecular weight (MW) of 300 kDa was kindly provided by FMC Health and Nutrition (USA). Glycerol 99.5% (v/v) was purchased from Alfa Aesar (USA), Tris base and PEG 8000 were purchased from Fisher BioReagents™ (USA), calcium chloride and MgSO 4 from Panreac Applichem (Spain), cinnamaldehyde (CNMA, purity ≥95%), Tween 80 and sodium chloride from Sigma-Aldrich (Portugal).
Bacteria and phages
Escherichia coli CECT 434 from the Spanish Type Culture Collection and Salmonella enterica serovar Enteritidis EX2 (Sillankorva et al., 2010) were used throughout this study. Bacteria were grown at 37°C in liquid LB broth (Liofilchem®, Italy) or solid LB medium containing 1.2% (w/v) of agar (Prolabo®, Italy) (LBA) supplemented with kanamycin (50 µg/ mL, Nzytech, Portugal) or ampicillin (100 µg/mL, Nzytech, Portugal). The phages used were Salmonella phage φ135 already partially characterized (Sillankorva et al., 2010) , and the E. coli phage vB_EcoS-EC4 (EC4) that was isolated from raw sewage as previously described (Sillankorva, Neubauer, & Azeredo, 2008a) .
Determination of minimal inhibitory and bactericidal concentrations of CNMA
The minimal inhibitory (MIC) and bactericidal (MBC) concentrations of CNMA against Salmonella and E. coli were determined by the microdilution method according to Clinical and Laboratory Standards Institute (CLSI, 2003) . Briefly, the wells of a sterile 96-well roundbottom microtiter plates (polystyrene, Orange, USA) were filled with 100 μL of Mueller-Hinton broth (MHB, Liofilchem®, Italy) with increasing concentrations of CNMA to which were added 100 μL of each bacterium inoculums (adjusted to a final concentration of 5.0 × 10 5 CFU/mL). The plates were afterwards incubated at 37°C for 24 h in an orbital shaker at 120 rpm. In this assay, two controls were used, one without bacteria as a negative control and one without CNMA as a positive control. Moreover, culture media with increasing concentrations of antimicrobials without bacteria were also performed in order to avoid misleading results. The MIC was obtained by measuring the absorbance at 620 nm (A 620nm ) on a microtiter plate reader (TECAN Sunrise), where clear wells (A 620nm = negative control) were evidence of bacterial growth inhibition. MBC determination was performed by adding a droplet of 10 μL from each well with no visible growth on a LBA plate. The lowest concentration that yielded no colony growth after 24 h at 37°C was identified as the MBC. Two independent assays with four replicates for each condition were performed. D. Alves, et al. Food Research International 128 (2020) 108791 2.4. Phages production and titration Phages were produced using the plate lysis and elution method previously described by Sambrook and Russel, with some modifications (Sambrook & Russel, 2001) . Briefly, 10 μL of phage suspension was spread on Salmonella or E. coli lawns using a paper strip and incubated overnight at 37°C. Afterwards, 3 mL of SM buffer [100 mM NaCl, 8 mM MgSO 4 , 50 mM Tris/HCl (pH 7.5)] were added to each plate and incubated for 6 h, at 4°C and 90 rpm BIOSAN, Latvia) . The liquid and top-agar were collected, centrifuged (10 min, 10 000g, 4°C), further concentrated with 0.1 M NaCl and incubated for 1 h at 4°C. The lysate was centrifuged (10 min, 10 000g, 4°C) and the supernatant further concentrated with 10% (w/v) PEG 8000 and finally purified with chloroform 1:4 (v/v). Samples in SM buffer were stored at 4°C until further use. Phage titration was performed according to Adams (Adams, 1959) . Briefly, 100 μL of diluted phage solution, 100 μL of overnight culture of Salmonella or E. coli, and 3 mL of molten agar were poured into a petri dish containing a thin layer of LBA. Plates were incubated at 37°C overnight and plaque forming units (PFU) were enumerated.
Phage EC4 characterization
Phage EC4 was characterized according to its plaque morphology by imaging using a Nikon stereoscopic microscope. For this, ten different phage plaques were measured in terms of the plaque and halo diameter. Virion particle morphology was analysed by transmission electron microscopy. Briefly, phage particles were sedimented by centrifugation (17,000g, 90 min, 4°C), washed twice in tap water, and centrifuged again. The suspension (5 µL) was deposited on copper grids (400 mesh, Pelco®, Ted Pella, Inc., USA), stained with 2% (w/v) uranyl acetate (pH 4.0) (Electron Microscopy Sciences, Pennsylvania, USA) and imaged using a Jeol JEM-2100-HT transmission electron microscope (Tokio, Japan). Images were digitally recorded using a UltraScan® 4000 CCD camera (Oneview, Gatan, California, USA). Growth parameters of EC4 were determined through one-step growth characterization as previously described (Sillankorva et al., 2008a) . Briefly, 10 mL of a midexponential-phase culture was harvested by centrifugation (7000g, 5 min, 4°C) and the supernatant discarded. The pellet was suspended in 5 mL fresh LB medium and the optical density adjusted to 1.0. To this suspension, 5 mL of phage solution were added in order to have a MOI of 0.001. Adsorption was allowed to occur for 5 min at room temperature. The mixture was then centrifuged as described above and the pellet was suspended in 10 mL of fresh LB medium. Samples were taken every 5 min over a period of 1 h and immediately plated.
Preparation of sodium alginate films and incorporation of phages and cinnamaldehyde
Sodium alginate-based films were prepared as previously described and phages incorporation was performed as described before (Alves et al., 2018) . Briefly, sodium alginate [1% (w/v)] was completely dissolved in distilled water, at room temperature, glycerol was added at a final concentration of 0.5% (v/v), and the solution was stirred overnight at room temperature. Phages were added to alginate 1:13 (v/v) in order to have a final concentration of approximately 10 9 PFU/mL, and the solution further stirred for 30 min at room temperature. Cinnamaldehyde was added to film-forming solutions with and without phages, at different concentrations [0.3% and 0.4% (v/v)] together with Tween 80 [0.1% (w/v)] as an emulsifier. The solution was homogenized by constant stirring at 350 rpm for 40 min. To produce the films, 28 mL of film-forming solution was cast onto a Petri dish (9.2 cm of diameter) and dried for two days at 30°C. The dried films were crosslinked with calcium chloride as previously described (Alves et al., 2018) , and left to dry at room temperature for 24 h and finally the films were put in desiccators containing a saturated solution of Mg(NO 3 ) 2 ·6H 2 O (Alfa Aesar, Germany) at 53% of relative humidity (RH) and 20°C before subjected to characterization experiments or at 4°C until the antimicrobial experiments.
CNMA emulsions characterization
The size distribution of CNMA emulsions, prepared at 0.3% and 0.4% (v/v), was determined by dynamic light scattering (DLS) using a Malvern Zetasizer, Model NANO ZS (Malvern Instruments Limited, UK). Analysis were performed at 25°C in a polystyrene cell, using a He-Ne laser-wavelength of 633 nm and a detector angle of 173°.
2.8. Phage titre and cinnamaldehyde quantification after incorporation in sodium alginate-based films
The dried films were peeled from the Petri dishes and cut into 2 × 2 cm 2 square pieces. The titre of incorporated phages and/or CNMA was determined by placing the films in 2 mL of SM buffer, subjecting them to vigorous agitation (250 rpm, Orbital Shaker ES-20/ 60, BIOSAN, Latvia) for 45 min, at room temperature, to promote their release. The number of active phage particles was determined by PFU enumeration. The concentration of CNMA was assessed as described previously (Cerqueira et al., 2016) by measuring the absorbance at 330 nm (Jasco V560 Spectrophotometer). For each experimental condition, at least three replicates were performed.
Fourier transform infrared spectroscopy
Fourier transform infrared (FTIR) spectra of the films were recorded with a Bruker FT-IR VERTEX 80/80v (Boston, USA) in Attenuated Total Reflectance mode (ATR) with a platinum crystal accessory in the wavenumber range: 4000-400 cm −1 , using 16 scans at a resolution of 4 cm −1 . Prior analysis, an open bean background spectrum was recorded as a blank.
Films morphology
The morphology of films surface was observed using scanning electron microscopy (SEM) (Quanta FEG 650, FEI, USA) with an accelerating voltage of 5 kV. Prior analysis, samples were mounted on aluminium stubs using carbon adhesive tape and sputter-coated with gold.
Films thickness
Films thickness was measured with a hand-held electronic digital micrometre with a sensitivity of 0.001 mm. Ten measurements were taken in different points of each film and the mean values were used in permeability calculations.
Water vapour permeability (WVP)
Water vapour permeability of the films was determined using a modified ASTM (1983) procedure (Casariego et al., 2009; Guillard, Broyart, Bonazzi, Guilbert, & Gontard, 2003) . Films were sealed on the top of permeation cells containing distilled water and placed inside a desiccator which was kept at 20°C and 0% RH with silica. The water transferred through the film and adsorbed by the desiccant was determined from weight loss of the permeation cell. For that, cups were weighed at intervals of approximately 2 h, for a total of 10 h. Water vapour transmission rate (WVTR) was then calculated by dividing the slope of a linear regression of weight loss versus time by film area, and WVP [g/(m 2 s 1 )] as follows:
(1) D. Alves, et al. Food Research International 128 (2020) 108791 where L is the film thickness (m) and P Δ is the water vapor partial pressure difference (Pa) across the two sides of the film. Three replicates were made for each film sample.
Swelling index and moisture content
The swelling index of films was determined as previously described (Cao, Fu, & He, 2007) , with some modifications. Films were cut into 2 × 2 cm 2 square pieces and their weight was measured. Samples were, afterwards, immersed in distilled water for 24 h at room temperature. Paper filter was used to remove liquid excess and the final weigh was measured. The amount of absorbed water, in percentage, was calculated using Eq. (2) in which S 1 is the weight of the film after immersion and S 0 is the initial weight of the film. All measurements were performed in triplicate for each experimental condition.
The moisture content (MC) was determined by drying 2 × 2 cm 2 square pieces of films at 105°C for 24 h (until reaching the equilibrium weight). The weight loss of the sample was determined and used to calculate the moister content according to Eq. (3), where M i and M f are the masses of initial and dried samples, respectively.
Antimicrobial activity
The antimicrobial activity of films was performed according to the Standard 206 JIS 2801 (Association, 2000) , with some modifications. Briefly, a bacterial suspension of Salmonella or E. coli adjusted to a final concentration of 10 6 CFU/mL was prepared in LB, of which 50 μL were added on top of each film (2 × 2 cm 2 ). Sodium alginate films without phages or CNMA were used as controls. Samples, in triplicate, were placed in Petri dishes, sealed with parafilm and were incubated for 24 h at 20°C. Films were placed in saline solution [NaCl 0.9% (w/v)], subjected to vigorous agitation (250 rpm, Orbital Shaker ES-20/60, BIOSAN) for 15 min at room temperature, in order to promote bacterial detachment. The number of colony forming units (CFU) was determined by plating serial dilutions. Plates were incubated overnight at 37°C under aerobic conditions. Three independent assays with three replicates for each condition tested were performed.
To better understand the antimicrobial effect obtained from the combination of CNMA and phages, a previously reported methodology was applied (Chaudhry et al., 2017) to classify the effects obtained as synergism or facilitation. The term "synergism" was used to classify an outcome in which combined treatment kills greater fraction of bacteria than expected if the compounds were acting independently. "Facilitation" also comprises an interest outcome and it was used to classify an outcome in which combined treatment is better than the best of the single treatments, but it is not better than if the antimicrobials were acting independently. For their calculation, an outcome was classified as facilitation when both the equations
was valid. In these equations, C refers to the cell density obtained in the control (sodium alginate films) and S A , S B and S AB refers to the surviving cell density after being in contact with films entrapped with agent A, agent B and the combination of A and B.
Statistical analysis
Results are presented as a mean ± standard deviation (SD). Statistical analysis was performed using Graph Pad Prism 7.0. To compare films thickness, moister content, swelling index and WVP, oneway ANOVA followed by Dunnet's test was implemented. Antimicrobial activity of films with and without phages and/or CNMA as well as the titre of phages inside the films was determined using a Two-way ANOVA, followed by a Tukey's test. Emulsions z-average and PDI were tested by an unpaired t test with Welch's correction. In all the analysis, the used confidence interval was 95%.
Results and discussion
Characterization of phages
The phages used in this work were the Salmonella phage φ135 and E. coli phage EC4. Phage φ135 has been previously characterized and belongs to the Siphoviridae family with a long non-contractile tail (Milho, 2019; Sillankorva et al., 2010) . This phage forms clear plaques on its host bacterium, has a latent period of approximately 30 min and a burst size of 162.9 particles per infected cell . Phage EC4 forms clear plaques on its host (Fig. 1a ) averaging a diameter of 9.98 ± 0.92 cm, that is surrounded by a halo that results in a total plaque diameter of 14.12 ± 1.43. This phage also belongs to the Siphoviridae family (Fig. 1 b) , and it has a very short latent period (5 min) and a burst of approximately 132 PFU per infected bacteria (Fig. 1c) .
Antimicrobial activity of CNMA towards planktonic cultures of S. Enteritidis EX2 and E. Coli 434
The concentrations of CNMA able to inhibit planktonic bacterial growth and those required to kill them are summarised in Table 1. CNMA was effective at low concentrations and similar susceptibility D. Alves, et al. Food Research International 128 (2020) 108791 patterns were found for both species investigated in this study. The concentrations found are in accordance to previous studies (Burt et al., 2016; Pei, Zhou, Ji, & Xu, 2009 ) and were lower than the ones found for others essential oils (oregano, thyme and clove) tested against the same species (Lara et al., 2016; Solarte et al., 2018) . Furthermore, MIC and MBC values almost coincided (two-fold difference), which indicates that CNMA killing is generally bactericidal, a highly desirable mode of action to control microbial contamination (Ocampo et al., 2014) .
Incorporation of phages and/or CNMA on sodium-alginate films
Sodium alginate-based matrices have been found suitable to incorporate different phages (Colom et al., 2017; Moghtader et al., 2017) . In this work, similar titres of entrapped phages (Table 2) were obtained as compared to a previous work, which attests the efficiency of the entrapment strategy (Alves et al., 2018) . Comparing the titer of phages initially entrapped and the titers retrieved inside the films, a loss on phages viability was observed (3 Log). It may be attributed to the entrapment process, during which phages are inevitably exposed to shear stress trough mixing and agitation and further desiccation stress during the drying step (Malik et al., 2017) . The combination of CNMA with both phages used herein did not interfere with their viability inside the alginate films, as similar titres were obtained when phages were entrapped together with CNMA.
For CNMA incorporation, two emulsion formulations were evaluated, differing on the amount of essential oil added. A slight increase on CNMA amount yielded a significant (more than double) increase on CNMA concentration incorporated on alginate films (Table 3) .
Both formulations were then characterized in terms of particle size (Fig. 2) . Size distributions of CNMA formulations with 0.3% showed two peaks, corresponding to CNMA droplets with sizes of 625.58 ± 181.19 nm and 18.59 ± 4.41 nm. The minor peaks found at the nano-range could be associated with emulsifier micelles that were not adsorbed at the oil-water interface of the emulsions, as previously described (Rao & McClements, 2012) . Increasing CNMA concentration to 0.4% yielded a formulation less heterogeneous as evidenced by the lower PDI found and droplets with bigger size (1613.2 ± 377.5 nm) as previously reported (Frank, Garcia, Shin, & Kim, 2018) .
Morphology and FTIR characterization of films
The surface morphology of different film samples was imaged using SEM (Fig. 2) . The control sodium alginate films devoid of phages and CNMA, exhibit an homogenous and smooth surface with small aggregate structures which have been previously attributed to the calcium chloride crosslinking and the "egg-box" structure formed by the interactions between alginate and the calcium ions . Phages incorporation did not introduce significant changes on films morphology (Fig. 2B, 2C and 2J ). CNMA incorporation ( Fig. 2D and  2E) , on the other hand, resulted in increased roughness as compared to control surfaces, being this observation also evident when CNMA was combined with phages ( Fig. 2F, 2G , 2H, 2I, 2K and 2L). Increase in roughness can be attributed to the agglomeration associated to an uneven dispersion of hydrophobic molecules during the film's formation process (Wu, Sun, Guo, Ge, & Zhang, 2017) . The morphological characterization of films is corroborated by the thickness values obtained (Table 4 ). Sodium alginate films exhibited a thickness of 31.3 ± 7.3 μm. Each phage alone or both together in the absence of CNMA, had no significant effect on this parameter. Films thickness, however, was increased by CNMA incorporation and further increased when CNMA was combined with each phage alone or both phages together that can be explained by the increase of the solids amount in the film with the addition of the emulsion.
FTIR analysis were performed to identify the presence of new chemical bonds or the modification of existing ones, which can be attributed to possible interactions between sodium alginate and CNMA and/ or phages. Spectra of films before and after incorporation of CNMA and/or phages (Fig. 3) showed major peaks in the wavenumber ranged between 600 cm −1 and 1800 cm −1 in addition to the peaks found between 3700 and 3000 cm −1 which correspond to stretching vibration of the OeH bonds (Voo et al., 2015) , and between 3000 and 2850 cm −1 related to CeH stretching (Lawrie et al., 2007) . The characteristic absorption bands of alginate (Fig. 3A) were found at 1595 cm −1 (asymmetric stretching vibration of CeO bond of COO − group) , at 1408 cm −1 (symmetric stretching vibration of CeO in the COO − group) (Pereira, Tojeira, Vaz, Mendes, & Bártolo, 2011) , at 1028 cm −1 (antisymmetric stretch of CeOeC) (Lawrie et al., 2007) , and at 818 cm −1 (characteristic peak of mannuronic acid residues) (Fertah, Belfkira, Dahmane, Taourirte, & Brouillette, 2017) . The spectra of the alginate films after phages (Fig. 3A) and/or CNMA incorporation ( Fig. 3B and C) , were similar to the alginate control in the range between 600 cm −1 and 1800 cm −1 , but some changes were observed between 3000 and 3600 which suggests some interactions with CNMA and alginate chains. An additional peak was observed at approximately 1670 cm −1 which may be explained by the stretching of the aldehyde group.
Moisture content, water vapour permeability and swelling index
In order to investigate in what extent the incorporation of CNMA and/or phages in alginate films influences the water affinity to the alginate film matrix, moisture content (MC) of the films was determined (Table 4 ). Sodium alginate films exhibit low values of MC, that is reduced after incorporation of CNMA at 0.3%; which is in accordance to a previously reported study using cinnamon oil (0.25%) and it may be attributed to the small particles sized obtained (Perdones, Vargas, Atarés, & Chiralt, 2014) . These results suggest that CNMA molecules interacted with alginate chains blocking some active groups needed for water interaction (Fabra, Talens, & Chiralt, 2010) . Phages incorporation had no interference on alginate films affinity to water, as evidenced by the similar MC values found. When phages were added together with CNMA, the water affinity increased to similar values of alginate films. It Alves, et al. Food Research International 128 (2020) 108791 has been described that some phages (e.g. P22) have a hydrophilic nature after PEG purification (Shi & Tarabara, 2018) which could, in part, explain this observation, nevertheless, further studies should be performed to confirm this hypothesis.
The WVP values found for the films investigated show that alginate films exhibit a WVP value (Table 4 ) of (5.15 ± 1.18) × 10 −11 g (msPa) −1 , similar to the one previously obtained by . The permeability of the films was not significantly changed (p > 0.05) after incorporation of compounds alone or combined. Since vapour migration occurs through the hydrophilic fraction of a film, it was expected that the addition of CNMA, a hydrophobic compound, would reduce WVP as observed in previous studies (Cerqueira et al., 2016; Du et al., 2009) , however, this did not occur. It has been reported that essential oils have the ability to plasticize polymeric films, weakening hydrogen bonding and allowing greater WVP (Otoni, Avena-Bustillos, Olsen, Bilbao-Sáinz, & McHugh, 2016) .
Rehydration of the films is another important property when films undergo a swelling process, and this was determined (Table 4) . Alginate films show a high index of swelling corroborating a previous study , and phages incorporation did not interfere with the swelling properties, which is in accordance to a previous study using other phage (Alves et al., 2018) . Contrarily to what was expected, due to the hydrophobic nature of CNMA, the incorporation of CNMA increased the swelling ability of the films when 0.3% (v/v) was used. The aforementioned plasticizing effect may be the explanation for these results. When CNMA was incorporated with both phages, in general, similar swelling properties were found as compared to control alginate films.
Antimicrobial study
The antimicrobial activity of the different films against two pathogenic species commonly found associated to foodborne illness, S. Enteritidis and E. coli (McLinden, Sargeant, Thomas, Papadopoulos, & Fazil, 2014) was studied (Fig. 4) . Both species were able to grow on sodium alginate films reaching approximately 8 and 7 Log viable cells D. Alves, et al. Food Research International 128 (2020) 108791 of S. Enteritidis and E. coli, respectively. Films with EC4 or φ135 phages incorporated ( Fig. 4A and 4B) , impaired the growth of E. coli and Salmonella, respectively, as evidenced by a 1.4 Log of E. coli cells and a statistically significant 5.1 Log reduction of Salmonella. This major difference in viable cell reductions was not expected, since both phages have fairly similar burst sizes with EC4 reaching approximately 132 PFU per infected bacteria ( Fig. 1) and φ135 resulting in about 163 PFU per infected cell (Milho, 2019) . There are, however, differences in the length of the latent periods, with EC4 presenting a shorter period (5 min) than φ135 (30 min) (Milho, 2019) , respectively (Fig. 1c ). Short latent periods are presumed to be beneficial while long periods may result in negative treatment outcomes (Bull & Gill, 2014) . Nevertheless, 5 and 30 min are still considered to be quite short latent periods and thus, this difference in periods does not suffice to respond to the different killing effect of these phages in these two bacterial species. Films with only CNMA (Fig. 4A and 4B ) exhibited antimicrobial activity against both species. CNMA at 0.3% and 0.4% caused approximately 4.0 and 5.7 Log viable cell reductions, respectively, on Salmonella growth. When it comes to E. coli, CNMA decreased by 3.0 Log the number of viable cells at both concentrations of CNMA tested. The combination of CNMA and φ135 phage reduced drastically the number of viable Salmonella present on the surfaces (7.0 Log), revealing a facilitative effect ( Table 5 ). The combination of these agents prevented Salmonella growth at a rate greater than the best of the agents alone but less than if the two were acting independently (Chaudhry et al., 2017) . The combination of CNMA and EC4 phage demonstrated a synergistic effect against E. coli with approximately 7.0 Log reduction when the higher concentration of CNMA was used. Overall, these findings indicate that combinations of φ135 and EC4 phages with CNMA have additive and synergic actions, respectively, in preventing bacterial growth on the surface of films. This mutually enhanced antimicrobial effect may be explained by their mechanisms of action. It has been reported that hydrophobic oil compounds such as CNMA interact with bacterial cell membranes, changing the lipid monolayer structure resulting in the leakage of phosphate and other essential cell components and a change in the membrane potential, ultimately causing the death of cells (Nowotarska et al., 2017) . Phages act against bacteria by two mechanisms: after replication inside the cells with subsequent lysis ("lysis from within") or by adherence of a sufficiently high number of phage particles to a cell, causing its lysis through alteration of the membrane potential and/or the activity of cell wall degrading enzymes ("lysis from without") (Abedon, 2011) . CNMA may be enhancing the phages action by altering the bacterial cell membranes and by this mean facilitating the introduction of phages genetic material into the cell (see Fig. 5 ). Alternatively, it may also be acting in simultaneous with phages on the cell membranes causing bacterial lysis through alteration of the membrane potential (Kon & Rai, 2012) . The combination of CNMA and EC4 or φ135 tested against the nonspecific hosts, displayed a similar antimicrobial activity to CNMA incorporated alone for the lower CNMA concentration tested. This was not observed, however, when a higher amount of CNMA was incorporated with EC4, as its presence compromised the antimicrobial activity of CNMA against the non-specific Salmonella host ( Fig. 4A and  B) . It is known that natural antimicrobials, such as CNMA, modify the bacterial cell membrane structure by incorporation into the lipid monolayer (Nowotarska et al., 2017; Nowotarska, Nowotarski, Friedman, & Situ, 2014; Wong, Grant, Friedman, Elliott, & Situ, 2008) . This incorporation forms aggregates of antimicrobial compounds and lipids, causing reduction of the packaging ability of the lipid molecules, increase of membrane fluidity and alteration of the dipole moment of the monolayer. The events described depend on the structure of the natural antimicrobial compound and the nature of the monolayer, but in general, the natural antimicrobials target and disturb the structures of phospholipids of bacterial cell membranes (Nowotarska et al., 2014) . The presence of EC4 might be somehow blocking the entry pathway of CNMA but further studies are needed to corroborate this assumption.
The combination of both phages was investigated in the presence and absence of CNMA (Fig. 4C ). In the absence of CNMA, the combination of both phages resulted, in terms of antimicrobial efficacy against E. coli, in a better effect than the one observed using EC4 or Fig. 3 . SEM images of sodium alginate films before (A) and after entrapment of φ135 phage (B), EC4 phage (C), CNMA at 0.3% (D) or 0.4% (E), φ135 phage together with CNMA at 0.3% (F) or 0.4% (G), EC4 phage together with CNMA at 0.3% (H) or 0.4% (I) and φ135 phage together with EC4 phage (J) and in the presence of CNMA at 0.3% (K) or 0.4% (L). D. Alves, et al. Food Research International 128 (2020) 108791 φ135 phages acting independently (synergism, Table 5 ). However, the antimicrobial activity of φ135 phage was compromised by the presence of EC4 phage, resulting in a lower antimicrobial activity against Salmonella when both phages were added together, as compared to φ135 alone (p < 0.05). This almost 2.5 Log reduction in killing might be due to a non-specific adsorption of phage EC4 to Salmonella, blocking part of the surface receptors necessary for the adsorption to take place. This is however a mere hypothesis taking into account that phages are found attached to inert (Sillankorva, Neubauer, & Azeredo, 2008b) and living surfaces (Van Belleghem, Dąbrowska, Vaneechoutte, Barr, & Bollyky, 2019) . For instance, it has been reported that diverse mucosal surfaces such as corals, fish, mice, and humans have higher numbers of phages in mucus than bacterial cells due to a weakly binding to mucin glycoproteins through protein domains that are displayed on the viral particle capsids (Barr et al., 2013; Nguyen-Kim et al., 2014 , 2015 . This phage adhering characteristic has been the focus of study and its adherence in a mucus model provided ubiquitous immunity to mucosal layers that was not host-derived, limiting bacterial adhesion, and thus providing an antimicrobial defense action (Barr et al., 2013) . The combination of both phages with CNMA enhanced their antimicrobial activity as evidenced by approximately 6 Log reductions found against both species. Phages incorporation with CNMA at 0.4% (v/v) comprised the best formulation, as it was able to completely prevent the growth of both species in these films. Combination of both phages with CNMA resulted in a synergic antimicrobial effect against E. coli and a facilitative effect against Salmonella (Table 5 ). The advantages of this strategy include the reduction of CNMA concentration, which can minimize the negative organoleptic effects associated to this compound. Furthermore, strategies based on antimicrobial combinations prevent the emergence of resistance (Worthington & Melander, 2013) .
Conclusions
This work shows that a combination of CNMA emulsions with a cocktail of phages can be successfully incorporated in sodium alginate based films. Phages entrapment did not compromise their viability as well as their combination with CNMA. CNMA emulsions became more heterogeneous after increasing CNMA concentration with subsequent increase on CNMA loaded inside the films. In general, phages incorporation alone did not influence films parameters such as morphology, thickness, MC, WVP and SW. CNMA incorporation, on the other hand, increased films' roughness, thickness and swelling ability. Combination of both phages (EC4 and φ135) with CNMA enhanced the antimicrobial activity of compounds alone against E. coli and had an additive effect against Salmonella. Overall, this study highlights the great potential of this strategy to be further explored in food packaging systems to fight foodborne illness. Fig. 4 . FTIR spectra of sodium alginate films before and after entrapment of phages φ135 or EC4 (A), CNMA (B) and CNMA in combination with phages (C).
Table 5
Determination of possible occurrence of facilitation or synergism for combined antimicrobials entrapped in alginate films. The combinations where facilitation or synergism outcomes were obtained, are highlighted in grey. In these equations C refers to the cell density obtained in the control (sodium alginate films without antimicrobials) and S refers to the surviving cell density after being in contact with films entrapped with CNMA (at 0.3% and 0.4%) and/or phages φ135 and/or EC4. Alves, et al. Food Research International 128 (2020) 108791 Fig. 5. Antimicrobial activity of φ135 phage incorporated in sodium alginatebased films with and without CNMA (A), EC4 phage incorporated in sodium alginate-based films with and without CNMA (B) and both phages incorporated in sodium alginate-based films with and without CNMA (C) over a period of 24 h when in contact with S. Enteritidis EX2 and E. coli 434. Sodium alginatebased films without incorporated phage(s) or CNMA were used as control. * indicates significant differences (p < 0.05) between the two bacterial controls in an alginate film and the prepared films.
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